1 H methyl resonances of and 2C, the top of the protein resembles an antiparallel the leucines and valines, NMR spectra were recorded five-helix bundle. However, based upon a similarity on a 15 N, 13 C, and 2 H protein containing protonated phesearch using the Deja Vu program (Kleywegt and Jones, nylalanines 13 C-labeled at the ⑀ position and [ 15 N, 13 C, 2 H] 1995), the structure of the DH domain is unique. leucines and valines selectively protonated at the methyl The first helix of the DH domain begins at K1235 and groups (Gardner and Kay, 1997) . In addition to aiding in nearly spans the length of the protein. It has an irregularthe assignment process, this protein sample was useful ity at T1258, as evidenced by the large 3 J NH,H␣ coupling for rapidly identifying long-range NOEs between hyconstant and the upfield C ␣ chemical shift of this residue. drophobic residues of the core, which was helpful in ␣2, ␣3, and ␣4 run in the opposite direction to ␣1. The obtaining the initial protein fold.
short breaks between ␣2/␣3 and ␣3/␣4 are supported The structure of the N-terminal DH domain of Trio was by a number of spectral features, including relatively determined from a total of 1950 NMR-derived distance large 3 J NH,H␣ coupling constants, rapid amide exchange and torsional angle restraints (Table 1 ). In addition, 66
rates, and a break in the characteristic NOE patterns angular restraints were included in the structure calculafor ␣ helices. The helices ␣5 and ␣6 are oriented antipartions that were derived from 15 N-1 H residual dipolar couallel to ␣3 and ␣4. A bend occurs between ␣3 and ␣4 plings measured for the DH domain oriented with rethat is mimicked by the bend observed between ␣5 spect to the static magnetic field in a 5% solution of and ␣6. ␣7 and ␣8 pack against ␣1, ␣2, and the loop dilauroyl phosphatidylcholine (DLPC)/3-(cholamidoproconnecting helices 1 and 2. Helix 8 is followed by a loop pyl)dimethylammonio-2-hydroxyl-1-propane sulfonate that has some helical character, ␣9, a disordered nine-(CHAPSO) at a molar ratio of 4.2:1 .
residue loop, and the C-terminal helix ␣10. Figure 2A depicts the backbone (N, C ␣ , C Ј ) of 15 lowThere are several hydrophobic residues that are conenergy structures that were derived from the NMR data.
served in DH domains (Figure 1 ) (Whitehead et al., 1997) . The atomic rms deviation about the mean coordinate
The side chains for most of these residues point to the position for residues 1234-1402 is 1.0 Ϯ 0.1 Å for the interior of the protein and compose the hydrophobic backbone atoms and 1.5 Ϯ 0.2 Å for all heavy atoms.
core of the N-terminal DH domain of Trio. An exception is The N-terminal residues 1227-1233 and the C-terminal L1375. This residue is highly conserved and completely residues 1403-1407 are disordered. Due to the lack of exposed to solvent. Although the side chains of hyresonance assignments, the side chains of E1287, drophobic residues such as F1236, L1260, and L1279 E1299, and K1372 are also ill-defined in the ensemble are also exposed to solvent, they are not conserved of three-dimensional structures.
within DH domains (Figure 1) . Interestingly, the side chains of a few highly conserved hydrophilic residues Structure Description (e.g., E1245 and R1369) are located in the interior portion As predicted (Whitehead et al., 1997) , the Dbl homology of the DH domain. Inspection of the ensemble of NMRderived structures shows that the side chains of these domain is an all-␣-helical protein. It is an elongated mutate were chosen based on the sequence homology Figure 5 , the mutations squares superposition of the backbone heavy atoms for residues that had the greatest effect (V1367A, Q1368A, R1369A, 1234-1402; and ͗SA͘ r is the energy minimized average structure. located in close proximity to one another on either ␣1
d Residual dipolar coupling restraints were employed using the SANI or ␣9.
potential energy function with a force constant of 1.0. e rmsd for residues 1234-1402.
Comparison to Other Exchange Factors
The three-dimensional structure of the N-terminal DH two residues may interact with each other to stabilize domain of Trio is very different from the previously deterthis section of the protein.
mined structures of other GEFs, including EF-Ts (KaThe high degree of conservation of the residues that washima et al. , 1996; Wang et al., 1997b) , Sos (Boriackare responsible for the structural integrity of the protein Sjodin et al., 1998), Mss4 (Yu and Schreiber, 1995) , and suggests that the general architecture of all DH domains the Sec7 domain from ARNO ; Moswill be similar. Based on the structure and sequence sessova et al., 1998) and cytohesin-1 (Betz et al., 1998) . homology, the differences will likely be due to variations However, despite this structural diversity, there are in the lengths of the loops that connect the ␣ helices.
some common features in their active sites. Almost all of the nucleotide exchange factors contain an exposed hydrophobic amino acid and an acidic residue that are Functionally Important Residues In order to identify the amino acids that are important for important for nucleotide exchange. In EF-Ts, a phenylalanine and aspartic acid insert into EF-Tu, disrupt the the enzymatic activity of the DH domain, site-directed mutants were prepared, and each was tested for its structure, and cause the release of the magnesium ion and GDP (Kawashima et al., 1996; Wang et al., 1997b). ability to catalyze nucleotide exchange. The residues to (L938) and glutamic acid (E942), inserts into Ras. This causes a conformational change in the switch 1 and switch 2 regions that alters the binding site for magnesium and the phosphate groups of the nucleotide (Boriacids could help displace the magnesium ion from Rac1 by interacting with the residues that chelate the metal. ack-Sjodin et al., 1998). The Sec7 domains in the Arf exchange factors ARNO and cytohesin-1 (B2-1) have a Indeed, the addition of Mg 2ϩ to the DH domain/Rac1 complex disrupts the interaction between these two prokey methionine and glutamic acid that are critical for their nucleotide exchange activity (Bé raud-Dufour et al.,
teins (data not shown). The structural role of R1369 and K1372 and other amino acids await the three-dimen-1998; Betz et al., 1998; Mossessova et al., 1998) .
sional structure of the DH/Rac1 complex. As in other GEFs, hydrophobic (V1367, L1375) and acidic residues (E1240) are important for the enzymatic Role of the Pleckstrin Homology Domain All proteins that have a DH domain also contain a pleckactivity of the DH domain of Trio. Based on the sequence similarity between ␣H in Sos and ␣9 in the DH domain, strin homology domain located C-terminal to the DH module (Whitehead et al., 1997) . PH domains have been it is tempting to speculate that the active site of the DH domain and Sos are very similar. In Sos, a threonine shown to bind to G-␤␥ subunits (Koch et al., 1993; Touhara et al., 1994) and acidic phospholipids (Harlan et (T935) , a hydrophobic residue (L938), and an acidic residue (E942) are located on the same ␣ helix that has al., 1994) , suggesting that one of their major functions is to localize proteins to the membrane surface. In order been shown to be structurally important for interacting with Ras. This is reminiscent of T1371, L1375, and E1379
to determine whether the PH domain of Trio was capable of binding to acidic phospholipids like other PH doon ␣9 of the DH domain. Although T1371 and L1375 have an effect on nucleotide exchange, E1379 is not important.
mains, in vitro lipid binding studies were performed. As shown in Figure 6 , the Trio PH domain, either alone or However, another nearby glutamic acid (E1240) on ␣1 has been found to have a partial effect on activity and may when part of the DH-PH protein, associates with vesicles containing phosphatidyl inositol-4,5-bisphosphate play the role of E942 in Sos. Other residues, such as R1369 and K1372, have a more dramatic effect on the (PtdIns-4,5-P) and to a lesser extent phosphatidyl inositol-4-phosphate (PtdIns-4-P), comparable to the level exchange activity and may play a more primary role in the exchange reaction. These positively charged amino of binding observed for the N-terminal PH domain of The binding of the N-terminal PH domain of pleckstrin to acidic the effect on the nucleotide exchange activity when these residues phospholipids was measured as a control. are mutated to alanine (green, greatest effect; orange, partial effect; pink, little or no effect).
To determine whether these PH domains can affect the nucleotide exchange activity of the DH domain indepenpleckstrin (Harlan et al., 1994) . However, no binding was dent of any possible membrane targeting role, the rate observed for any of the PH domains to phosphatidyl of GDP release catalyzed by the DH and DH-PH proteins inositol or phosphatidyl choline ( Figure 6 ). These results were compared in an in vitro assay ( Figure 4C ). Surprisimply that the Trio PH domain is capable of localizing ingly, the DH-PH protein catalyzed nucleotide exchange the DH domain to the surface of a membrane containing on Rac1 100-fold better than the DH domain alone. acidic phospholipids that may be important for function.
Moreover, the whole PH domain was required, since Indeed, when the PH domain in Lfc is removed, the shorter DH-PH constructs containing only part of the ability of this DH-containing GEF to transform NIH 3T3 PH domain have comparable activity to the DH alone cells is eliminated but can be restored by replacing the (data not shown). These results imply an additional role PH domain with an isoprenylation site (Whitehead et al., for the PH domain other than promoting membrane lo1995a). Membrane localization is also important for the calization that involves the enhancement of nucleotide activity of another Rho family GEF, Tiam-1, and requires exchange. The increase in the catalytic activity of the a PH domain, although which one of the two Tiam-1 PH DH domain mediated by the PH domain could be due domains is controversial (Michiels et al., 1997; to a direct interaction between these modules (Zheng al., 1997a (Zheng al., ). et al., 1997 or to an interaction between the PH domain In addition to tethering proteins to membranes, recent and Rac1. However, it is unlikely that the PH domain evidence suggests that PH domains adjacent to DH causes any major structural alterations of the DH dodomains may have other functions. For example, mutamain, since no obvious differences were observed in tions in the PH domain of Sos severely impair the transthe 15 N/ 1 H amide chemical shifts of the DH domain in the forming activity even when the Sos protein was targeted DH and DH-PH proteins (data not shown). Furthermore, to the membrane via an N-terminal myristoylation signal except for K1378A, the same mutations in the DH do- (Qian et al., 1998) . Others have suggested that the funcmain that had an effect on nucleotide exchange showed tion of the PH domain of Sos is to negatively regulate a similar effect when introduced in the DH-PH protein the nucleotide exchange activity of the adjacent DH ( Figures 4A and 4B ). domain (Nimnual et al., 1998) . In this model, the inhibitory effect of the PH domain is relieved by the binding of the PH domain to acidic phospholipids. The role of the Dbl Conclusions Guanine nucleotide exchange factors all share the com-PH domain must also be different from membrane localization, since the replacement of the PH domain with mon function of disrupting the interaction between a GTPase and its associated nucleotide. This is accommembrane-targeting sequences failed to induce transformation . In this case, the alternate plished by each of the GEF subfamilies in a distinct manner. The three-dimensional structures of the GEFs function was suggested to be PH domain-mediated targeting to specific cytoskeletal locations. The idea that are very different, including the Rho family-specific enzymes, as illustrated by the solution structure of the PH domains in DH-containing proteins have a special function is consistent with their invariant location. Unlike N-terminal DH domain of Trio. In addition, the amino acid residues that catalyze nucleotide exchange vary the PH domains contained in other proteins whose location is highly variable, the PH domain is always located among the GEF subfamilies. Although it appears that a key glutamic acid is common in most GEFs, this glutamic C-terminal to the DH domain in DH-containing proteins. of the PH domains are all similar (Ferguson et al., 1994;  at a proton frequency of 800 MHz. φ angle restraints were based Macias et al., 1994; Yoon et al., 1994) . Most PH domains on the 3 J HN,H␣ coupling constants measured in an HNHA experiment bind to G-␤␥ subunits and acidic phospholipids and act , and 1 restraints were obtained from 3 JN,C␥ and 3 JC Ј ,C ␥ coupling constants (Grzesiek et al., 1993; to localize proteins to the membrane. H protein containing leucines and valines with protonated methyl groups and protonated ⑀ 13 C-labeled phenylalanines was generated by growing E. coli in a Phospholipid Binding Assay The binding of the PH and DH-PH domains to phospholipids was minimal medium in 2 H 2 O (Ͼ98%) supplemented with methyl-protonated valine (Cambridge Isotopes) and ⑀ 13 C-labeled phenylalanine determined with unilamellar vesicles in a centrifugation assay. Organic solvent was evaporated from the lipid solutions under nitrothat was synthesized from ⑀ 13 C-labeled tyrosine. The recombinant DH domain was purified by affinity chromatography on a nickel-IDA gen, buffer was added, and the lipid suspensions were subjected to five rounds of rapid freeze-thaw cycles followed by repeated column (Invitrogen). NMR samples contained 0.6 mM protein in 50 mM sodium phosphate (pH ϭ 6.5) and 20 mM NaCl in H 2 O/ 2 H 2 O extrusion through 0.1 m pore-size polycarbonate membranes (ten passes) (Costar, Cambridge, MA). The proteins were incubated with (9/1) or 2 H 2 O. All NMR spectra were acquired at 32ЊC on a Bruker DRX 500, PtdIns-4P or PtdIns(4,5)P 2 (5% [wt/wt]) in unilamellar vesicles containing 1,2-distearoyl (dibromo)-sn-glycero-3-phosphocholine (BrPC) DRX 600, or DRX 800 NMR spectrometer. For the assignment of the 1 H, 13 C, and 15 N resonances of the backbone, a series of deutein 50 mM bis-Tris (pH 6.5), 100 mM NaCl. Protein (25 l at 0.4 mg/ ml) and lipid vesicles (25 l at 10 mg/ml, total lipid concentration) rium-decoupled triple resonance experiments [HNCA, HN(CO)CA, HN(CA)CB, HN(COCA)CB, HNCO, and HN(CA)CO] were recorded were added to centrifuge tubes, vortexed, incubated for 5 min, and then subjected to centrifugation at 100,000 ϫ g for 30 min in a using the uniformly 15 N-,
13
C-labeled and fractionally deuterated protein (Yamazaki et al., 1994) . To aid in the backbone assignments, Beckman model TL-100 ultracentrifuge. 
